The interpretation of human thought from brain activity, without recourse to speech or action, is one of the most provoking and challenging frontiers of modern neuroscience. In particular, patients who are fully conscious and awake, yet, due to brain damage, are unable to show any behavioral responsivity, expose the limits of the neuromuscular system and the necessity for alternate forms of communication. Although it is well established that selective attention can significantly enhance the neural representation of attended sounds, it remains, thus far, untested as a response modality for brain-based communication. We asked whether its effect could be reliably used to decode answers to binary (yes/no) questions. Fifteen healthy volunteers answered questions (e.g., "Do you have brothers or sisters?") in the fMRI scanner, by selectively attending to the appropriate word ("yes" or "no"). Ninety percent of the answers were decoded correctly based on activity changes within the attention network. The majority of volunteers conveyed their answers with less than 3 min of scanning, suggesting that this technique is suited for communication in a reasonable amount of time. Formal comparison with the current best-established fMRI technique for binary communication revealed improved individual success rates and scanning times required to detect responses. This novel fMRI technique is intuitive, easy to use in untrained participants, and reliably robust within brief scanning times. Possible applications include communication with behaviorally nonresponsive patients.
Introduction
The question of whether we can convey our thoughts without recourse to speech or action has preoccupied scientists for decades. In particular, patients who are fully conscious and awake, yet are unable to show any behavioral responsivity due to brain damage (Owen et al., 2006; Monti et al., 2010; Cruse et al., 2011) , expose the limits of the neuromuscular system and the necessity for alternate forms of communication. Over the past 30 years, electroencephalography (EEG) studies have provided significant insights into how "neural responsivity" might be used to drive motor-independent communication. More recently, functional magnetic resonance imaging (fMRI) studies have investigated brain-computer interfaces (BCIs) based on the hemodynamic brain response (Owen et al., 2006; Boly et al., 2007; Monti et al., 2010; Bardin et al., 2011; Bardin et al., 2012; Sorger et al., 2012) .
Whether they aim for binary or multiple-choice communication, fMRI BCI methods rely on one-to-one mapping between a task (e.g., motor/spatial navigation imagery, inner speech, mental rotation), which can be readily executed at will to generate strong brain activity, and a unique communication token, such as a word (e.g., "yes" or "no") or a letter of the alphabet. These arbitrary task-to-response mappings engender several limitations including complex instructions and reliance on participant pretraining, high demands on short-term memory resources, and relatively long scanning times needed to convey a response. The most successful binary method deployed to date uses a dual-task paradigm and has been used to communicate with untrained healthy volunteers (Monti et al., 2010) , as well as behaviorally nonresponsive patients (Owen et al., 2006; Monti et al., 2010) . To convey either a "yes" or a "no," a participant engages in motor (playing tennis) or spatial navigation (navigating around one's home) imagery. Although highly reliable in healthy volunteers, this method places considerable demands on short-term memory resources (Monti et al., 2010) and requires relatively long scanning intervals, which can become limiting factors, especially for brain-injured patients. Moreover, some healthy participants do not generate robust activation to mental imagery tasks, thus reducing the efficacy of this method in this group (Guger et al., 2003; Boly et al., 2007) .
We investigated selective auditory attention as a more intuitive, yet thus far untested, response modality for robust, reliable, and highly accurate brain-based communication. It is well established that selective attention can significantly enhance the neural representation of attended sounds (Bidet-Caulet et al., 2007) , although most studies focus on group-level changes rather than individual responses. Hence, the first aim was to investigate whether the effect of selective attention on the brain response to attended words (e.g., "yes"/"no") could be observed robustly in individual participants. The second aim was to determine whether this effect could be used for accurate binary communication. We hypothesized that this method would be not only more intuitive, and thus easier to use, but also more time efficient than the current best-established fMRI technique for binary communication (Owen et al., 2006; Monti et al., 2010) .
Materials and Methods
Volunteers. Ethical approval was obtained from Western University's Health Sciences Research Ethics Board. Sixteen volunteers (19 -31 years; six males) with no history of neurological disorders participated in the study. All volunteers were right handed and native English speakers. They signed informed consent before participating and were remunerated for their time. One female volunteer became uncomfortable in the scanner and could not complete the experiment. Data from this volunteer were excluded from the analyses.
Stimuli. All instructions and auditory stimuli were recorded from a Canadian English male speaker and presented binaurally. The stimuli were the words "one," "two," "three," "four," "five," "six," "seven," "eight," "nine," "yes," "no," and the sentences "Do you have any brothers or sisters?" and "Are you over 21 years old?" All waveforms were normalized to match their RMS amplitude using the Pratt software (www.praat.org) (Boersma and Weenink, 2012) . A white fixation was presented on a black screen during sound presentation, and a blank black screen was presented during silent intervals.
Before scanning, computer-based versions of the tasks that elicited button-press responses were tested behaviorally, in an independent group of volunteers (n ϭ 16). Error rates and reaction times were measured. Task parameters were optimized to engage attention sufficiently, so as to produce detectable behavioral effects at a singlesubject level, which might improve its detectability with fMRI. However, behavioral output was irrelevant to the fMRI experiment, where the index of "success" was a significant neural change contingent on the task manipulation. Hence, no behavioral output was measured in the scanner.
FMRI task design. The first level of the selective attention paradigm examined the cortical response during passive sound perception. Volunteers passively listened to single-word stimuli and performed no active task for the duration of the session. Trials had an on/off design, with miniblocks/sequences of words (6 s) followed by silence (6 s) (Fig. 1a) . The instruction to listen/relax (1 s) cued the participants at the start of each sound perception/relaxation interval. The words were presented in a pseudorandom order. There were 24 on/off trials of 14 s each, lasting 5.6 min, including the delivery of word cues.
The second level tested an individual's ability to upregulate his or her brain activity by selectively paying attention to specific words. We used a counting task to manipulate auditory attention, in particular because counting has been shown to engage sustained attention (Ortuño et al., 2002) . Moreover, mental calculation tasks have been successfully used in BCI applications (Lee et al., 2009 ), as they have been found to elicit robust activations at the single-subject level, thus fulfilling one of the criteria for successful application of the BCI technique in individual users. This second session also served to localize, for each volunteer, the brain regions most responsive to the attention manipulation; thus, we refer to it as the "localizer" session. We expected that due to variations in brain morphology, functional organization, and possibly also different task strategies, the foci of activation due to attention would vary slightly between individuals. Thus, each individual's native attention network, determined based on functional activation in the localizer session, was used to constrain subsequent analyses of the brain responses during the communication sessions.
In BCI paradigms, where functional activation serves as a proxy for the participant's behavior, a high level of confidence in the fMRI results is necessary to avoid false positives. To ensure robust and reliable effects for each individual, we tested the results against a priori hypotheses, motivated from the participant's previously established response to similar stimuli. Specifically, initially we build a hypothesis during the localizer session, and subsequently tested it during each communication session. The localizer session allowed us to identify each individual's attention network and to hypothesize that all or parts of this network would be activated, when the subject attended to an answer (yes or no), during the communication session. Subsequently, in the communication sessions, we tested whether these effects were manifested when the participant freely chose to attend to a word (either yes or no) in response to a binary question.
The trials in the localizer session had an on/off design, with the attention interval 21.2 s/22.5 s, followed by the "relaxation" interval (10 s) (Fig. 1b) . During each attention/relaxation interval, the volunteer heard a sound sequence containing repeated presentations of a target word, either "yes" or "no," interspersed with repeated presentations of the digits 1 to 9. The words were repeated several times and presented in a pseudorandomized order; no more than two consecutive repetitions of the same word occurred. Each sequence started with either the word "yes" or the word "no." The opposite word was presented in the next sequence. Thus, the yes and no sequences appeared in pairs, though, outside of the pair, two sequences presenting the same word could follow each other. Each sequence was composed of 40 words with 9 or 11 presentations of the target word, had 200 ms gaps between words, and lasted between 21,200 and 22,500 ms, depending on whether it presented the word "no" (350 ms) or the word "yes" (450 ms). The instruction "count," presented at the start of the attention interval, signaled to the volunteer to count the number of times either of the target words ("yes" or "no") occurred within the following sequence. The purpose of the digits (1 to 9) was to act as close distractors to the target number, thus increasing task difficulty during the count trials and enabling suppression of any automatic task activity during the relax trials. To minimize eye movements, a white fixation was presented on a black screen during sound presentation, and volunteers were asked to keep eyes on the fixation. At the end of a sound sequence, a blank black screen and no sound were presented for 10 s. This provided a break from stimuli presentation and task performance. The instruction to "relax" followed, and signaled to the volunteer to ignore the sounds and not count during this time. There were five count/relax intervals, or trials, lasting 5.8 min.
The third level tested the ability to communicate answers to binary (yes/no) questions, simply by attending to the appropriate word (Fig. 1c ). There were two independent "communication" sessions, each presenting either the question "Do you have any brothers or sisters?" or "Are you over 21 years old?" These two questions were chosen to generate a relatively even spread of yes and no responses among our volunteer group. The volunteers had to convey the answer to each question by selectively paying attention to the answer word and ignoring the occurrences of the opposite word. To selectively attend to a word, volunteers used a similar strategy to that used in the localizer session: counting the number of times they heard the answer word ("yes" or "no"), if the sequence presented the answer, and relax or do not count if the sequence presented the opposite word. Similarly to the localizer session, the yes and no sequences were organized in pairs, and a break period of 10 s (blank screen and silence) followed each sequence. Unlike the localizer session, in the communication session, the selection of the target word to be attended ("yes" or "no") was self-guided, rather than dictated by instructions. Each volunteer determined the target online, at the start of the session, depending on his or her answer to the specific question. The same question and a short instruction were repeated at the start of each sound sequence. There were five yes/no trials, lasting 7 min, including repeated delivery of the question and instructions. At the end of the experiment, volunteers provided verbal yes/no answers to the questions asked in the scanner. These were used to cross-validate the answers that were derived based on the fMRI activation.
In addition, a session of a well-established motor imagery task (imagining playing tennis) (Owen et al., 2006) was acquired for comparison with the selective attention task. For the purpose of this comparison, the motor imagery and spatial navigation imagery tasks used in the aforementioned dual-task paradigm were considered equivalent with regard to their BCI performance. In the interest of brevity, only one sessionthe motor imagery task-was acquired and compared to the selective attention task in terms of individual success rate, and the amount of 
Coordinates of the peaks of the two most highly activated clusters for each volunteer during sound perception, selective attention, and motor imagery sessions ( p Ͻ 0.05, FDR corrected).
scanning time required to convey binary (yes/no) responses. The design of this session was kept identical to those previous studies using this paradigm (Owen et al., 2006; Boly et al., 2007; Monti et al., 2010) . The session had an on/off design. Volunteers imagined playing tennis (30 s) every time they heard the word "tennis," and relaxed (30 s) every time they heard the word "relax." In this session, volunteers were asked to keep their eyes closed, to reduce sensory input and facilitate mental imagery (Kosslyn et al., 2001 ). There were five tennis/relax intervals, or trials, lasting 5.3 min, including the delivery of word cues. The five experimental sessions-sound perception, selective attention localizer, selective attention communication (twice), and motor imagery-were presented in pseudorandom order.
FMRI data acquisition. Scanning was performed using a 3 Tesla Siemens Tim Trio system with a 32-channel head coil, at the Robarts Research Institute in London, Ontario, Canada. Functional echoplanar images were acquired [33 slices; voxel size, 3 ϫ 3 ϫ 3 mm; interslice gap, 25%; TR, 2000 ms; TE, 30 ms; matrix size, 64 ϫ 64; flip angle (FA), 75°]. The selective attention paradigm had 150 scans for the passive listening, 175 scans for the localizer, and 220 scans for each communication session. One hundred and sixty scans were acquired for the tennis imagery session. An anatomical volume was obtained using a T1-weighted 3D MPRAGE sequence (32 channel coil; 33 slices; voxel size, 1 ϫ 1 ϫ 3 mm; interslice gap, 50%; TR, 2300 ms; TE, 4.25 ms; matrix size, 64 ϫ 64; FA, 75°). Volunteers lay supine in the scanner looking upward into a mirror box that allowed them to see a projector screen behind their head. Noise-cancellation headphones (Sensimetrics, S14) were used for sound delivery.
FMRI data analyses. The imaging data were analyzed using SPM8 (Wellcome Institute of Cognitive Neurology; http://www.fil.ion.ucl.ac. uk/spm/software/spm8/). Preprocessing was performed using AA software (www.cusacklab.org). The processing steps were as follows: correction for timing of slice acquisition, motion correction, normalization to a template brain, and smoothing. The data were smoothed with a Gaussian smoothing kernel of 10 mm FWHM (Peigneux et al., 2006) . Spatial normalization was performed using SPM8s segment-andnormalize procedure, whereby the T1 structural was segmented into gray and white matter and normalized to a segmented MNI152 template. These normalization parameters were then applied to all echoplanar images. The time series in each voxel was high-pass filtered with a cutoff of 1/128 Hz to remove low-frequency noise, and scaled to a grand mean of 100 across voxels and scans in each session.
Before analyses, the first five scans of each session were discarded, to account for T1 relaxation and allow volunteers to adjust to the noise of the scanner. The preprocessed data were then analyzed in SPM8 using the general linear model. Fixed-effect analyzes were performed in each subject, corrected for temporal autocorrelation using an AR(1) ϩ white noise model. Two event types for each session, corresponding to the two on/off periods, were defined as follows: sound perception (sound/silence; 6 s/6 s), selective attention localizer (count/relax; 21.2 s/22.5s), communication ("no" sequence/"yes" sequence; 21.2 s/22.5 s), and motor imagery (tennis/relax; 30 s/30 s). The silent periods (10 s) in the selective attention paradigm provided an implicit baseline for the relaxation of the BOLD signal to baseline level, as well as a period of true rest for the participants in between periods of sound presentation. Moreover, the relax trials, where participants were instructed to pay no attention, served as a complex baseline to the count trials, where participants were instructed to pay attention to specific words. To control for any sensory confounds, the stimuli in the two trial types were exactly the same, and they differed only in the instructions. By comparing the BOLD activation in these two trial types, we were able to localize the effects of attention for each participant. Events for each of the regressors were modeled by convolving boxcar functions with the canonical hemodynamic response function. Also included in the general linear model were nuisance variables, namely, the movement parameters in the three directions of motion and three degrees of rotation, as well as the mean of each session. Linear contrasts were used to obtain subject-specific estimates for each effect of interest. The contrasts containing these parameter estimates for each voxel were entered in the second stage of analysis, treating volunteers as random effects and using one-sample t test across the 15 volunteers. For the sound perception, localizer, and motor imagery sessions, whole-brain analyses were used to determine significant activation at the individual/fixed effects and at the group/random effects levels. Only clusters or voxels that survived at a p Ͻ 0.05 threshold, corrected for multiple comparisons [false discovery rate (FDR)] (Worsley et al., 1996) , were reported.
The comparison between the selective attention and the motor imagery tasks were based on data from whole-brain analyses of each data set. In further analyses, regions of interest (ROIs) analyses were used to analyze brain responses during the communication sessions of the selective attention paradigm. For each individual data set, activations at the fixed effects level, from the Count Ͼ Relax contrast (localizer session), were used to derive two ROIs. Each ROI was defined as a 10 mm sphere with center coordinates at the peak voxel of each of the two most strongly activated significant clusters. (For Volunteers 10 and 15, a single ROI was derived based on the single significant cluster observed in the wholebrain data analysis of each.) These independently defined, subjectspecific ROIs were used to test for significant activations in each communication session in the fixed effects-level yes-no and no-yes contrasts. Contrasts in both directions were performed because we did not have a priori hypotheses about which word the volunteer would attend Figure 3 . The proportion of volunteers that showed significant activation with increasingly more time, in each task. The figure displays significant whole-brain activation to the selective attention and motor imagery tasks at one of five time intervals in the same areas where activation was observed for the duration of the entire task. Each interval contains an added on/off trial, from one, at the start of each session, to five, at the end. At the end of each scanning session, 100 versus 87% of volunteers showed significant activation for each task, respectively. to. The MarsBaR SPM toolbox (http://marsbar.sourceforge.net/) was used to test ROI activations (Brett et al., 2002) . For each volunteer, each answer decoded by fMRI analysis was compared to that provided in the volunteer's verbal report. The binomial test was used to asses decoding accuracy at the group level. In addition to the standard analyses mentioned above, where all the scans collected in each session were included, analyses were performed to determine how much acquisition time would be necessary to elicit robust activation at the single-subject level with each task. Each individual data set from each of the selective attention and motor imagery sessions was divided into five sets of increasingly bigger numbers of scans. The first time interval included the first on/off trial in each task (i.e., count/relax localizer, answer/relax, tennis/relax), the second included the first two, the third included the first three, the fourth included four, and the fifth included the entire data set. There were 34, 68, 102, 136, and 170 scans per set of the localizer; 42, 84, 126, 168, and 210 scans per set of each communication session; and 31, 62, 93, 124, and 155 scans per set of the motor imagery session. The analyses performed for each time interval, for each individual data set, were the same as described above: wholebrain analyses for the localizer and imagery sessions, and ROI analyses for the communication sessions.
Results
In the sound perception session (contrast Sound Ͼ Silence), passive listening activated bilateral auditory cortex (superior and middle temporal gyri) in all volunteers significantly more than silence (Table 1) .
In the localizer session (contrast Count Ͼ Relax), whole-brain analysis revealed significant activations in bilateral inferior parietal, superior temporal, premotor, and inferior prefrontal gyri significantly more than rest in the group data ( Fig. 2a; Table 2 ). Furthermore, the effect of selective attention was observed at the single-subject level. Each volunteer activated a subset of these regions, and the peak activation foci varied slightly between volunteers (Table 1) . As the same sounds were presented during both the count and relax trials, these activations do not reflect basic auditory processing. Indeed, the fact that significant differences were detected when the external stimuli remained formally identical, confirms that the volunteers were able to selectively attend to a specific word (yes/no). The foci of significant activations, including the superior temporal, premotor, and inferior prefrontal frontal cortex, have been implicated in speech perception and production (Peelle et al., 2010) . This suggests that volunteers were able to selectively attend to either word by activating its linguistic representation, possibly through a subvocal rehearsal process. Additionally, activations in the prefrontal and parietal regions are consistent with studies implicating these regions in multiple cognitive demands, including attention (Duncan, 2010; Ptak, 2011; Frank and Sabatinelli 2012) , not dissimilar to those imposed by the counting task used here. Motor imagery (imagining playing tennis) activated a large cluster centered in the left pre-SMA (x ϭ Ϫ8, y ϭ Ϫ2, z ϭ 72; p ϭ 0.001, FDR clusterwise corrected), in the whole-brain analysis of group data (Fig. 2b) . This result closely replicates those of previous studies (Owen et al., 2006; Boly et al., 2007; Monti et al., 2010) . Significant activation in the pre-SMA, as revealed by whole-brain analyses, was observed for 12 of 15 volunteers (Table  1) . One in 12 volunteers showed subthreshold activation ( p ϭ 0.06, FDR corrected). Nevertheless, we classified this volunteer as a positive case, because activation was observed in the anatomically appropriate region (pre-SMA), as predicted a priori from previously published data. As we did not apply any volume reduction technique to enhance effects in this a priori motivated region (i.e., masking, small volume correction, ROI analysis), but performed whole-brain analyses, effects in this region are more conservatively thresholded than in previous reports, and are likely to be at least as robust. Activation in the inferior parietal lobule, the second region reported by the original group study on motor imagery , was observed in 7 of 15 volunteers. Two volunteers did not show any activation to motor imagery. In summary, 13 of 15, or 87%, of the volunteers showed task-specific activation to motor imagery.
How much scanning time is needed on the selective attention task to generate robust brain activation that can be detected with fMRI? Forty-seven percent of volunteers generated significant activation within one on/off trial (1.1 min) in the same areas where activation was observed for the duration of the entire task. A lower proportion, 25%, of volunteers generated significant activation to the motor imagery in about the same time, again in the same areas as those observed for the entire task (Fig. 3) . All of the successful volunteers showed task-specific significant activation, for each task, in four on/off trials (4.5 min/4.1 min).
Do volunteers perform the attention task in the early time intervals (i.e., within 1.1 min) in the same way as they do with more time on task, or do the early activations reflect general effort, and, therefore, functionally undifferentiated brain activity? The subset of volunteers who could do the task in one on/off trial (i.e., exhibited significant task-related activity) activated the same regions across the different intervals on task (Fig. 4) . This suggested that they engaged task-appropriate cognitive functions, such as language perception and production/subvocalization, counting, and, more generally, selective sustained attention, soon after the start of the task. With more time on task, the number of volunteers that showed significant activation in these task-specific regions increased, and so did the overlap between the individual activation maps (Fig. 4) .
Across all of the communication sessions of the selective attention paradigm, the direction of significant activation (contrast "yes" sequence vs "no" sequence) in either one or both subjectspecific and independently defined ROIs successfully decoded 90% of the answers ( p ϭ 0.0001). For 3 of 15 volunteers, one of two answers was decoded, and for the majority (12 of 15), both answers were successfully decoded (Table 3 ). For the 3 of 30 answers that were not decoded, activation failed to reach the threshold of statistical significance (Fig. 5) . Across volunteers, the subject-specific regions of interest overlapped most commonly in the bilateral precentral gyrus and pre-SMA (Table 4) . These results suggested that the effect of self-guided selective attention to either word ("yes" or "no") could be successfully decoded for each individual volunteer, and thus could be used as a reliable method for brain-based communication.
Given that it is possible to determine, in some cases, that a participant can pay attention based solely on his or her brain activity, within approximately 1 min of task compliance in the scanner, how much scanning time is needed to decode the answer to a question? For the first question, 1.4 min of scanning was sufficient to decode the answer in 54% of volunteers; 2.8 min was sufficient in 85%, 4.2 min was sufficient in 85%, 5.6 min was sufficient in 92%, and 7 min was sufficient in 100% of volunteers (Fig. 6) . The high proportion of volunteers that can respond in brief scanning intervals (i.e., 1.4 min) suggests that this method lends itself to BCI applications. The proportions for the first communication session were comparable with those in the localizer session, whereas in the second communication session, performance decreased, perhaps due to fatigue from increased overall time in the scanner. Within each communication session, the proportion of successful volunteers continued to increase with more time on task, suggesting that some volunteers needed the entire duration of the session to produce sufficiently robust brain activity to convey the answers to the questions.
Discussion
For the first time, we show that the neural effects of selective auditory attention can be reliably and robustly replicated in individual participants so as to convert intentions into brain-based communication. We report a novel and intuitive fMRI method for binary communication that allows a participant to respond without any behavioral action, by simply attending to the word (yes or no) he or she wishes to convey. The results confirmed that this technique delivers highly robust, reliable, and accurate communication within brief scanning times (less than 5 min) in untrained volunteers.
Critically, each volunteer used top-down attention to select and convey answers to binary (yes/no) autobiographical questions. The power of selective attention to magnify the neural representation of relevant sounds (Tiitinen et al., 1993; Woldorff et al., 1993) , and suppress other (Ghatan et al., 1998; Kawashima et al., 1999) , irrelevant ones, has been well established in previous studies. However, thus far, it has not been investigated as a method of communication for fMRI-based BCI applications. This may, in part, be due to the highly variable selectivity of auditory attention (Fritz et al., 2007) . Because the features to be attended can vary widely (e.g., auditory pitch, frequency or intensity, tone duration, timbre), the effect of attention is likely to be observed in a number of diverse neural regions, determined by the specific demands of the attention manipulation.
We observed activity enhancements in a network of regions including inferior parietal, superior/middle temporal, and precentral/postcentral gyri, subtending to the pre-SMA, as well as the inferior frontal gyrus and the insula. All of these regions have been implicated in a variety of cognitive processes elicited by our attention manipulation, namely, mental arithmetic. In particular, the frontoparietal network, involved in supramodal attention demands (Duncan, 2010) , may be recruited by the attention demands of the counting task. The recruitment of the association auditory cortex (middle/superior temporal gyri) has been observed in attention-guided selective processing of linguistic stimuli (Hugdahl et al., 2003) , much like the attention to specific words required by our mental task. Furthermore, the superior temporal, premotor, and inferior prefrontal frontal cortex, have been implicated in speech perception and production (Peelle et al., 2010), processes likely recruited by a subvocal rehearsal of the target words, which may facilitate their maintenance in shortterm memory. Finally, the insula has been implicated in salience processing (Menon and Uddin, 2010) and may serve here to facilitate access to attention and working memory resources, when a salient event (i.e., a specific word, "yes" or "no") is detected. Notwithstanding variations in morphology, functional organization, and possibly also task strategy among different volunteers, we observed robust and replicable effects of attention in some or all regions of this bilateral network, at the level of individual participants. This suggested that the paradigm is suitable for BCI applications. One region that displayed high overlap between the individual foci of attention was the pre-SMA. Similarly, significant pre-SMA activations were observed in the majority of volunteers during the motor imagery paradigm (Owen et al., 2006) , which showed focal recruitment, for the most part, limited to this region. The involvement of the pre-SMA in both tasks can be explained based on its role in a variety of cognitive functions (Nachev et al., 2007) , including sustained cognitive control (Nachev et al., 2005) and attention to intention (Lau et al., 2004) , two processes critical to both paradigms. Importantly, the difference between the two in the extent of neural recruitment suggests that the attention paradigm invokes a larger number of discrete cognitive processes compared to motor imagery. The motor imagery, rather than the spatial navigation task (Owen et al. (2006) ), was used in this study to provide a conservative comparison with the novel selective attention task. Boly et al. (2007) found that motor imagery provided the most robust results out of four mental imagery tasks tested, including spatial navigation.
Formal comparison between the selective attention and motor imagery tasks revealed better performance in the individual success rates and amount of scanning time needed to elicit robust responses in the selective attention paradigm. First, 100% of volunteers showed significant task-appropriate activity to the selective attention task, compared to 87% to the motor imagery. This result is consistent with previous studies showing that a proportion of healthy volunteers do not produce reliable brain activation during mental imagery tasks . Conversely, the high success rate in the selective attention task may be explained by its reliance on a number of interrelated cognitive processes, which may make it robust to weak or inconsistent brain activation in any given process. Second, even for volunteers who needed the entire session to convey a response, the selective attention task required half the time that a dual-task paradigm, involving motor imagery, would require (Owen et al., 2006; Monti et al., 2010). In the Figure 5 . Individual answers decoded from brain activity. Each panel depicts the t statistic graphs for the two questions (Q1, left; Q2, right), for each volunteer (S1-S15). Each bar represents the t statistic for the yes versus no comparison for each ROI (first, solid black; second, back and white bar). For Volunteers 10 and 15, a single ROI was derived (solid black bar), based on the single significant cluster observed in the whole-brain data analysis. The respective correct answers, reported verbally by the volunteer, appear at the bottom of each graph. The answers appear in green (29 of 30), if the brain activation suggested the same answer as the verbal report, and in red (1 of 30) otherwise. In three volunteers (S8, S9, and S10), in half of the sessions, activation failed to reach statistical significance, and decoding could not be carried out. In only one of these three sessions, the direction of activation suggested the wrong answer (S8; Q1). *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001. latter paradigm, a volunteer can convey either a "yes" or a "no" by engaging in two different types of mental imagery, during two independent scanning sessions, each lasting 5 min (total, 10 min). In contrast, in the selective attention paradigm, half the time is necessary, because the volunteer can convey either word within the same scanning session (within 4.5 min).
In summary, comparison with the motor imagery task, the best-established fMRI technique for communication with behaviorally nonresponsive patients, suggests that the selective attention paradigm is highly suitable to BCI applications, not only for healthy individuals, but also for this patient group. Indeed, for applications with behaviorally nonresponsive patients, the difference in the underlying mental functions that each method uses lends to complementarity between the two. By probing different aspects of a patient's spared cognition, each may confer advantages or disadvantages to the patient's performance, depending on his/her spared capacities. The selective attention method demands sustained and selective attention to external events, as it relies on continuous monitoring and processing of fast-paced auditory information, as well as simple mental arithmetic (counting), which is rendered more difficult by the presence of highly relevant distracters. On the other hand, the motor imagery method does not require monitoring of external events. Rather, it relies on sustained attention to an internally generated mental process (motor imagery), at a self-guided pace. It is possible to imagine that highly distractible patients, who may not be able to suppress bottom-up attention to stimuli in their environment, will find the selective attention task very challenging. Conversely, the generation of sustained motor imagery may prove harder for some patients, as was the case for 13% of the healthy volunteers studied here.
The selective attention task enabled almost half of the volunteers (47%) to convey their answer to a question within only 1.4 min of scanning, suggesting that this technique is suited for BCI communication within a reasonable amount of time. Moreover, the variation in scanning time required for response selection across volunteers further suggested that the application of this method in the real-time fMRI environment (Caria et al., 2012) , where scanning time can be individually tailored, would lead to improved efficiency for individual participants. Although realtime communication through BCI devices is typically considered the domain of more time-sensitive neuroimaging technologies, such as EEG (Min et al., 2010) , the brief scanning times obtained with this paradigm suggest it holds promise for effective brainbased communication in the MRI environment. The rapid response detection combined with the lack of a pretraining requirement render its overall time demands considerably shorter than those of binary EEG-based BCI systems. The temporal latency these systems require to decode brain responses is not dissimilar to existing fMRI techniques. Due to variability in spontaneous EEG activity, a long training phase is needed before participants can effectively generate commands for a BCI system (Iversen et al., 2008) . Even if participant training times are reduced by powerful machine learning algorithms, relatively long acquisition times for classifier training persist (e.g., 20 -30 min) (Blankertz et al., 2007) . By comparison, the fMRI paradigm reported here requires, at most, one-quarter of that time (i.e., 1.1-4.5 min for 47-100% of participants) to acquire a localizer that identifies the specific brain areas significantly responsive in each individual.
Furthermore, this fMRI technique compares favorably to binary EEG-based BCI systems with regard to classification accuracy. For example, using techniques of binary classification, a previous EEG study by Miner et al. (1998) reported 64 -87% accuracy rates for four participants. Guger et al. (2003) reported Ͼ59% accuracy for 93.3% of 99 participants, and 90 -100% accuracy for only 6.4% of the participants. More recently, Cruse et al. (2011) used motor imagery tasks with EEG to detect command following (but not communication) and reported accuracies of 60 -91% for 75% of participants, and 44 -53% for 25% of participants. By comparison, this fMRI technique achieved 100% accuracy for 80% of participants. Figure 6. The proportion of volunteers that showed significant activation in the different sessions of the selective attention paradigm, with increasingly more time on task. The figure displays significant whole-brain activation during the attention localizer and each communication session at one of five time intervals, in the same areas where activation was observed for the duration of the entire task. For each session, the proportions are calculated as the ratio of volunteers that showed significant activations to the total number of successful volunteers, 15, 13, and 14, respectively, for each session.
